Viscoelastic properties for reconstituted A. vera hydrogels were evaluated in different ranges of concentration (0.2-1.6%, w/v) and temperature (30-60°C). The storage (G′) and loss (G″) moduli were well described by power function of the frequency (R 2 > 0.92). The combined effect of concentration and temperature was optimized for reconstituted gel formation, targeting maximum viscoelastic moduli (G 0 ′ and G′′ 0 ) and minimum slope (n′ and n″) values using response surface methodology. The optimum condition selected was 1.6%, w/v at 30°C having higher gel strength [G′ 0 (47.8 Pa.s 
Introduction
Aloe vera (A. vera) gel is widely utilized as functional ingredient in food, medicinal, and cosmetics. [1] It is converted into powder in order to preserve its bioactivity for a longer duration. [2] Reconstitution of A. vera powder into solutions, semi-diluted solutions, and gels has been studied by several researchers to regain its viscoelastic behavior prior to dehydration. [3] [4] [5] [6] [7] The formation of reconstituted dispersions, with cost effective crude and partially purified powder seems to be very complex due to heterogeneous composition. Nindo et al. [6] studied the effect of different drying methods (spray drying, refractance window, and freeze drying) on viscosity (η) of the reconstituted A. vera solutions obtained from crude powders. However, reconstitution of crude fibrous and partially purified non-fibrous powder into an aqueous dispersion at the critical concentration (i.e., a minimum amount of water incorporated) has been studied by Kiran and Rao. [4] They reported that, partially purified non-fibrous alcohol insoluble residue (NFAIR) was suitable for the formation of frequency dependent sol-gel behavior. Besides, heating protocol of 50ºC and 30 min was standardized for reconstituted A. vera (NFAIR) hydrogel formation based on higher gel strength and network strength. [8] Further detailed structural elucidation of partially purified NFAIR powder has not been attempted earlier. Reconstituted hydrogel formation from A. vera (NFAIR) powder also dependent on external factors such as concentration, test temperature, and aging time.
A. vera polymer concentration variation influences the viscoelastic behavior by affecting internal structural rearrangements via hydrogen and hydrophobic interactions and also participates in conformational transition. [4, 5, 11] However, commonly a decreasing trend of viscoelastic behavior was also noticed while increasing the test temperature for food biopolymers such as A. vera (concentrated juices and dispersions), [4, 6, 11] alginates, [12] globular proteins, [13] and LM pectin/calcium gels. [14] Besides, Dak et al. [15] mentioned that fluid foods undergoes rheological and structural changes when subjected to various temperature and concentration during processing, storage, transportation, and marketing, etc. On the other hand, combined effects of concentration and test temperature on the viscoelastic behavior of reconstituted A. vera gels were not studied earlier.
In turn selection of optimum conditions for reconstituted A. vera hydrogel with higher gel strength could be useful for food formulations, and for incorporation as gelling agents. Response surface methodology (RSM) is most commonly used technique to optimize the process conditions and estimate the empirical correlation between the independent variables and responses of interest. [16] Although number of studies on reconstitution of A. vera powder were available, [3, [5] [6] [7] optimizing the concentration and test temperature conditions for reconstituted A. vera hydrogels using RSM has not been attempted earlier.
The effect of external parameters viz. concentration, temperature and time, during gelation process of complex biopolymer systems have been extensively studied using non-destructive rheological analysis and corroborated with morphological observations. [17] Rheological tests can provide structural insight into the gelation mechanisms of complex biopolymer materials. Most commonly used tests are small amplitude oscillation (SAOS) and creep analysis, [18] of which, SAOS provides particulars about the viscoelastic behavior during the frequency sweep test. In addition creep analysis of biopolymer gels provides insight into the viscoelastic responses and macroscopic viscosity during undisturbed state of the samples. [19, 20] The present study was carried out to characterize A. vera polysaccharides in NFAIR and identify optimum concentration and temperature for obtaining the high gel strength of reconstituted A. vera fluids. Further the effects of initial aging time by creep analysis on the viscoelastic responses along with morphological observations of NFAIR optimized hydrogels were also evaluated.
Materials and methods

Preparation of NFAIR powder and NMR data distribution
A. vera fresh leaves were collected prior to each experiment from the research farm of Agricultural and Food Engineering Department, IIT Kharagpur, India. Further, the leaves were kept in inverted position to drain out the yellow sap followed by washing with 100 ppm sodium hypochlorite, and then trimming the side edges as well as bottom portion. Finally, the green rind portion was filleted and inner gel portion was extracted. NFAIR powder was prepared by ethanol treatment using the method described earlier by Kiran and Rao. [4] A. vera polysaccharides in NFAIR powder was further characterized using NMR spectrophotometer (Model: AVANCE DAX-400, Make: Bruker, 600 MHz, Sweden) at 600 MHz, in which freeze dried NFAIR sample was solubilized in D 2 O at 5 mg mL −1 for 1 h and the same has been transferred to 5 mm NMR tube before analysis.
Preparation of reconstituted A. vera hydrogels Reconstituted hydrogels were prepared by mixing A. vera (NFAIR) powder (0.2-1.6%, w/v concentration) with distilled water (pH 7). Then the vials were stirred at 100 rpm for 2 min by using vortex (Model: Spinex, Make: Tarson, India) to get uniform distribution of the sample. Subsequently, the sample vials were processed by heat treatment at 50°C for 30 min in a constant temperature bath (Model: UD 80 SH-3L, Make: Takashi, Japan) and were left undisturbed at ambient temperature (28 ± 1°C) for 12 h. [8] Dynamic oscillation measurements of reconstituted A. vera hydrogels Rheological measurements of reconstituted A. vera hydrogels were carried out using a stress-controlled Rheometer (Model: Bohlin Gemini-200, Make: Malvern, UK) equipped with a cone and plate (CP-1°/ 40 mm) geometry. A Peltier system with circulating water bath for sample temperature control and software (Bohlin R6.51.0.3) for data acquisition was used. Sample dispersion of 1 ml was carefully placed on the lower plate, where the gap between two plates was 30 µm. A solvent trap was used to avoid solvent evaporation effect. The samples were stabilized with an initial equilibrium time of 30 s before the experimental run. Dynamic oscillatory measurements were carried out for A. vera hydrogels at different concentrations of 0.2-1.6%, w/v. Frequency sweep test (0.1 to 100 rad/s) was conducted in the temperature range of 30-60ºC, at constant stress selected from linear viscoelastic region (LVR) zone. In the present study, Power law constant (slopes) were calculated by relating viscoelastic moduli (G′ and G″) data to angular frequency (ω), using the following equations ( Eqs. 1 and 2) .
where G′ and G′′ represents storage and loss moduli, respectively, n′ and n′′ are the corresponding slopes, ω is angular frequency and G′ 0 and G′′ 0 are the intercepts of the Power law model for frequency sweep. The effect of temperature (30-60°C) at different concentrations (0.2-1.6%, w/v) on G′ 0 and G′′ 0 was studied using Arrhenius model.
In Eq. (3), R represents gas constant and T corresponds to absolute temperature (K), where each parameter (A) is modeled by a pre-exponential factor A 0 and the activation energy (E a ).
Experimental design
The full factorial design with two independent variables viz., concentration and temperature were used and a quadratic polynomial model (Eq. 4) was developed for individual parameters viz. G′ 0 , G′′ 0 , n′, and n″, which were obtained from Power law model fit:
where Y i is i th response (i = 1 to 4), c 0 -c 5 are the regression coefficients, x 1 and x 2 represented the dimensions of the coded values for temperature and concentration, respectively. In the polynomial model, the real values expressed in coded values to determine the relative importance of individual parameters and terms (linear, square, and quadratic) affecting response. According to full factorial design a total of 16 experiments were conducted and four responses viz., G′ 0 , G′′ 0 , n′, and n″ were analyzed.
Optimization and validation
Numerical optimization was carried out to optimize the process parameters by using the desirability function as described by Montgomery. [21] Numerical optimization technique was applied to find out the optimum combination of concentration and temperature. The technique was targeted to the maximum value of overall desirability function (D) calculated by the following equation (Eq. 5): where D i is the desirability index for an i th response (here i = 1 to 4) and r is its relative importance whose value ranges from 1 to 4. Both, overall and individual desirability indices ranged from 0 to 1. As a whole, the target was to maximize the G′ 0 and G″ 0 moduli along with the minimum slope values n′ and n″ of reconstituted A. vera hydrogels. Constraints, limits, and relative importance of each parameter were set according to the desirability. Retention of the higher gel strength with minimum slope values was accorded priority for optimization. The predicted numerical optimization values were further validated by performing the experiment at the nearest possible process condition.
Mechanistic and morphological insight of optimized reconstituted A. vera hydrogels
To understand the insight of gelation process, the effect of aging time and morphology of optimized reconstituted hydrogels was studied using creep, and high-resolution transmission electron microscope (HRTEM) analysis.
Creep analysis Reconstituted A. vera hydrogels prepared as described in "Preparation of reconstituted A. vera hydrogels" section and after heating the sample at 50ºC/30 min further cooled under running tap water for 5 min. Then the sample was directly submitted for creep experiments where small stress (σ), i.e., 10 Pa selected from LVR zone was applied. The variation of shear strain (γ) in response to applied stress was measured for 300 s. This test repeated for 30 min of the interval until creep compliance (Jc) of the samples showed minimal changes between consecutive creep tests which took approximately 3 h. [10] The generalized Jeffrey's and Kelvin-Voigt models were used to calculated the viscoelastic moduli (viz., G′ J , G″ J for Jeffrey's, and G′ K , G″ K for Kelvin-Voigt) behavior with short time creep response of the material from strain data of the shear based creep experiment. [19] Jeffrey model consists of three parameters (one spring and two dashpots) as shown in Fig. 1a . In this model single mode viscous element (dashpot) arranged in series with a Kelvin-Voigt model, which consists of an elastic element (a Hookean Spring) in parallel to another dashpot; G J , η 1 , and η 2 . Moreover, addition of fourth element I, i.e., instrument inertia is the source of creep ringing behavior also represented. The creep strain (γ) behavior of reconstituted A. vera gels were fitted to the Jeffrey's expression (Eq. 6). [19] γðtÞ
where 
where γ (t) is strain of the system, I is the moment of inertia (measuring geometry plus rheometer drive). The parameter B is the combination of form factors (i.e., B = C 2 /C 1 ) where, each measuring system used in an instrument will be associated to form factors which convert torque and angular velocity to shear stress and shear rate, respectively. The factor C 2 = shear rate/angular velocity (dimensionless), and C 1 = Shear stress/applied torque (units: m
−3
). The viscoelastic storage (G ′ J ) and loss (G ″ J ) moduli of Jeffrey's model were determined using the following expressions.
where,
Here, λ 1 and λ 2 are considered as relaxation and retardation time, respectively. However, KelvinVoigt model consists of two parameters, i.e., spring and dashpots arranged in series as shown in Fig. 1b . In this elastic element is a Hookean Spring; G k (Pa-m) and viscous element is dash pot η k (Pa-s-m). Moreover, addition of third elements I, i.e., instrument inertia is the source of creep ringing behavior also represented. The creep strain (γ) behavior of reconstituted A. vera gel were further fitted to the following equation (Eq. 7).
The viscoelastic moduli (G ′ K and G ″ K ) of Kelvin-Voigt model is determined by the following expression.
High resolution transmission electron microscopy (HRTEM) analysis of A. vera xerogel Xerogel for HRTEM analysis was obtained by placing a fine drop of reconstituted A. vera fluids of 0.2-1.6%, w/v concentrations on a carbon-coated HRTEM copper grid (Quantifoil, Germany) and air dried at room temperature (27 ± 1°C). Further, the specimen was kept for drying in desiccators for 24 h and then transferred to HRTEM (Model: JEM-2100 HRTEM, Make: JEOL, Japan) operating at 20 kV and micrographs were obtained at magnificence of 0.2 μm. [22, 23] Statistical data analysis
Statistical analysis was carried out on the data from duplicate analysis with two replicates (n = 4) was carried out for rheological model parameters. Model significance was tested using the analysis of variance (ANOVA) test at 95% confidence of interval. ANOVA test was performed using Design expert 7.0 (Stat-Ease, Inc., Minneapolis, MN, USA) software, whereas, SPSS-20 software (IMB®, SPSS ® Statistics 20, Armonk, NY, USA) was used for statistical significance.
Results and discussion
NMR data distribution of A. vera powder
To understand the structural complexity in partially purified powder, NFAIR was subjected to NMR spectroscopy. In general, 1 H NMR technique is being widely utilized to validate the authenticity and quality of A. vera powders, by monitoring the presence of polymeric sugar (i.e., acetylated mannan), organic acids and free sugars. [3, 24, 25] However, alcohol insoluble residue of A. vera mainly consists of linear polysaccharide, which is composed of partially acetylated mannan with β-(1→4)-linkage. [3] The 1 H NMR spectrum identifies characteristic signal at 2.0-2.3 ppm for acetyl groups and mass of signals at 3.4-4.5 ppm assignable to a carbohydrate moiety. [3, 25] Besides, the quality of A. vera powder was also determined from the presence of organic acids formed due to microbial contamination, fermentation (viz., lactic acid peak at 1.34, 2.00, 4.27, 11.00 ppm and succinic acid at 2.50, 11.00 ppm), chemical degradation (viz., acetic acid at 2.08, 11.00 ppm) and natural malic acid (3.4 ppm). [24, 25] The presence of lactic and succinic acid in A. vera powders indicates the degradation of bioactive acetylated polysaccharides.
In the present context, NMR profile presented in Fig. 2 for A. vera (NFAIR) of concentration 5 mg/mL showed signal intensity at 2.0-2.3 ppm indicating the presence of acetylating part due to ethanol treatment. Similar observations were reported earlier for A. vera powders. [3, 24, 25] Further, low-intensity signals were observed for lactic and succinic acid indicating minimal degradation due to microbial contamination. Moreover, chemical degradation also seems to be absent as peaks associated with the acetic acid were not detected. Natural organic acid such as malic acid peaks were noticed in the powder. This might be due to plants metabolism which helps to form the malic acid via Crassulacean acid metabolic (CAM) pathway. Further, presence of carbohydrate moiety represented the mass of signal peaks in the range of 3.4-4.5 ppm. The presence of glucose moiety was also noticed at 5 and 4.5 ppm peaks. [26] Therefore, obtained results indicated that the A. vera NFAIR powder consisted of acetylated polysaccharide, thus can further be utilized in a wide varieties of food and therapeutic applications. [1, 27, 28] Dynamic oscillation behavior of reconstituted A. vera hydrogel Table 1 . Further, test temperatures above 60°C showed deviated viscoelastic moduli, i.e., absence of LVR zone over the selected stress sweep region (0.01 to 100 Pa), which indicated the disruption of internal gel networks. [8, 11, 29] Effect of concentration The conformational transition for A. vera (NFAIR) samples at various concentrations ranging from 0.2-1.6%, w/v at 30°C were noticed during the frequency sweep test (Fig. 3) . At lower A. vera concentration in the range of 0.2-0.4%, w/v throughout the frequency sweep, the dominance of G″ over G′ was observed indicating a solution-like behavior of the gel which might be due to the existence of isolated polymers. [3, 7, 29] The reconstituted A. vera hydrogels at 0.8%, w/v and low frequency showed solution-like (i.e., Gʹʹ > Gʹ) nature which revealed the presence of entanglement system in the terminal zones. At high frequency, it showed gel-like behavior (i.e., Gʹ > Gʹʹ), which indicated the semi-diluted solution nature (Fig. 3) . [30] [31] [32] The conformational shift from solution to semi-diluted solutions might be hypothesized due to the collection of polymeric groups cross linked with adjacent counterparts and impurities homogeneously at a higher A. vera concentration. A similar type of behavior was documented for food hydrocolloids such as pectin, gellan, and xanthan, etc. [33, 34] The higher concentration samples viz., 1.6%, w/v throughout the frequency sweep indicated the gellike network formation as characterized by increase in magnitude of G′. Furthermore, at all concentrations sample started flowing on tilting within 3-15 min, indicating the weak gel behavior. [8] Similar kind of concentration effects were also reported in case of welan, rhamsan, gellan, [33, 34] and soya proteins. [35] Moreover, disappearance of terminal regions at low frequency were noticed in case of 1.6%, w/v concentration indicating the conformational transition from disordered semi-diluted solution regime to structured gel-like networks. [33, 34, 36] The reason may be increase in concentration caused tenuous association of rigid and ordered molecular structures in reconstituted hydrogels by weak forces of interactions such as hydrogen and hydrophobic bonds. [3, 27, 28] Also the presence of internal trace elements (mainly Ca), as noticed by semi-elemental detection (EDS; data not shown) might be responsible for minor electrostatic interactions with low degree of esterified galacturonic acid moiety. [5, 8, 37 ] The obtained results suggested that reconstituted aqueous NFAIR fractions showed semi-diluted solution at lower concentration, whereas, it attained typical gel-like behavior at higher concentration. Therefore, selection of proper concentration might influence the gel strength and conformational transition by creating additional networks.
Effect of temperature
The temperature (30-60°C) dependency on the Power law parameters G′ 0 and G″ 0 at various concentrations of A. vera hydrogels (0.2-1.6%, w/v) were also described by Arrhenius model Eq. 3. Moderate correlation coefficient for G′ 0 (R 2 > 0.84) and G″ 0 (R 2 > 0. 85) were obtained except for G″ 0 at 1.6%, w/v concentration, where R 2 > 0.75. The activation energy (E a ) values ranged from 13.08-55.93 kJ/mol and found to be inversely proportional with concentration, indicating probably that high energy barrier required at lower concentration, where less energy barrier required at higher concentration to develop A. vera gelation networks. At lower concentrations dilute polymeric groups might have participated in random arrangements, whereas at higher concentration of 1.6%, w/v internal polymeric units possibly participated in chain-chain interaction by crosslinking with adjacent molecules by weak forces of interactions, thus A. vera gel networks were less affected by thermal treatment. [38, 39] The obtained results suggested that increase in concentration on reconstitution promoted the formation of A. vera gel networks. [39, 40] Similar type of temperature effects on flow behavior was noticed in case of concentrated A. vera juices. [11] Combined effect of temperature and concentration using RSM The combined effects of concentration and temperature on viscoelastic moduli were analyzed using Power law model (Table 1 ), wherein the model parameters viz., G′ 0 , n′, G″ 0 , and n″ as responses were evaluated using the experimental design Eq. (5). The combined effects of concentration and temperature on the above mentioned parameters were assessed using ANOVA test. An empirical quadratic equation was developed for all the selected responses with a good fit (R 2 > 0.87) at the coefficients of the empirical equations. The F-value was used to indicate the influence of the model terms on the selected response variables. The constant term was significant (p < 0.05) for each of the model responses. The multivariate analysis showed that the linear and square terms of A. vera concentration significantly influenced (p < 0.05) the viscoelastic moduli, whereas, the change in temperature (linear and square terms), and its interaction term with concentration were not statistically significant for all the responses (p > 0.1).
Localization of optimization zone for power law fitted viscoelastic parameters
The developed polynomial models for G′ 0 , n′, G″ 0 , and n″ described their dependency on two independent variables viz., temperature and concentration including linear, interaction and square terms. To visualize the interaction between two independent parameters affecting the response, contour plots were generated from the empirical equation.
Power law parameters
Intercepts of storage (G′ 0 ) and loss (G″ 0 ) moduli The linear and interaction terms of temperature and concentration, and square term of concentration (p < 0.05) were significantly affected both G′ 0 and G″ 0 . The F-value for concentration term was found to be higher for G′ 0 (411.4) and for G″ 0 (641.7) than its interaction and square terms, which suggested that concentration was a major contributing factor for the reconstituted hydrogel formation. The contour plots of G′ 0 and G″ 0 (in Figs. 4a and 4b ) for reconstituted fluids indicated that above 0.8%, w/v concentration, the moduli values increased possibly due to internal polymer association. [3, 4] The contour also showed the antagonistic effect between temperature and concentration on viscoelastic moduli. Further, lower temperature (30°C) and higher concentration (1.6%, w/v) favored increase in viscoelastic moduli (G′ 0 and G″ 0 ) due to internal network formation of adjacent polymeric chains by hydrogen and hydrophobic interactions. Besides, moduli values decreased with an increase in temperature over the frequency range studied, which, might be due to disruption of junction zones stabilized by hydrogen, hydrophobic and electrostatic interactions.- [38, 39] Similarly effect of temperatures on the flow behavior was also noticed in case of clear juices, [29] concentrated juices [11] and reconstituted fractions of A. vera.
[4]
Slopes of storage (n′) and loss (n″) moduli The linear and square terms of concentration were significantly (p < 0.05) affected both slopes n′ and n″ values, respectively; whereas, temperature associated terms were not significant (p > 0.1). The F-value for concentration (linear term) was found to be higher for n′ (65.8) and for n″ (113.6) than temperature (linear, interactions and square terms) indicating concentration was a major contributing factor for reconstituted A. vera gel formation. According to Ferry, [41] decrease in slope (n′) toward zero indicates rubbery elastic material property, whereas n′ values approaching toward 2 indicates liquid behavior. In general, the formation of 3D networks is found when slope values are near to zero. The contour plot on concentration-temperature landscape was showed in Figs. 4c and 4d. With decrease in concentration the n′ values varied between 0.3 to 1.5 and n″ values from 0.2 to 0.8. At lower concentration (<0.6%, w/v) the counters for n′ were higher and almost linear with temperature axis indicating additive effect on n′. This indicated that, below <0.6%, w/v concentration, there was existence of isolated polymers which were unable to participate in network formation indicating solution. [30] The contour plot, at higher concentration (>0.6%, w/v) and low temperature showed decrease in slope (n′) values, which might be due to the cumulative effects of weak forces of interaction that participate in chain-chain interaction with the adjacent polymer units which in turn helps in 3D network formation. [2, 30, 42] Optimization and validation
The optimization for formation of reconstituted A. vera hydrogel generally demands higher concentration, minimum temperature in order to avoid internal bond dissociation. The processing conditions were optimized based on maximum viscoelastic values and minimum slope values for attainment of 3D network formation ( Table 2 ). The optimized conditions through numerical optimization suggested that concentration of 1.6%, w/v and temperature of 30°C was found to be best combination with a maximum desirability of 0.99. Further, model validation was attempted at optimized condition (1.6%, w/v and 30°C). Predicted results were compared with the actual data at optimized condition. It was found that prediction corresponding to each response was in good agreement with the experimental data, where the average absolute relative deviation was 7.91% (Table 2) . From the obtained RSM results it was observed that concentration was a major contributing factor in comparison with temperature (linear, interaction, and square terms), for increasing moduli (G′ 0 and G″ 0 ) and minimizing the slope (n′ and n″) values.
Mechanistic and morphological insight of reconstituted A. vera hydrogels in Fig. 5 . The creep behavior at all time periods (0-180 min) showed damping oscillation which might be due to coupling between the instrument inertia and viscoelastic nature of the hydrogel. [19, 43] This phenomenon, called creep ringing, has been observed for biopolymer gels such as Bovine serum albumin (BSA), [44] mixture of agar and carrageenan, [45] and silk fibroin gels. [10] Further, damped oscillation strain response was found to be increased with gelation time between 0 and 180 min for 1.6%, w/v (Fig. 5 ). This data was further fitted to Jeffrey's and Kelvin-Voigt models for calculation of viscoelastic moduli from creep compliance (Jc) as stated in Eqs. (6) and (7). All models showed that gel strength was increased with time during free oscillation, due to internal network re-association of A. vera polysaccharide (Table 3) . [8, 27, 28] Similar observations were also reported for protein-surfactant mixtures, [44] and silk fibroin solution. [10] Among the two models fitted, Jeffrey's model was found to be the best (R 2 > 0.96), to determine viscoelastic moduli (G′ J and G″ J ) as represented in Table 3 . The model fitted to the creep ringing data can be applicable for short gelation time scale (i.e., up to 120 min) to calculate the viscoelastic moduli in reconstituted A. vera hydrogels. However, after 180 min the damped oscillation increased to a larger extent which might be due to faster gelation, thus further restricted the model fitting. The storage modulus (G′ J ) increased for short gelation time scale from 0-120 min (i.e., 45 to 80 Pa). This indicates gel strength increased with initial aging time during undisturbed condition, as 3D network were expected to develop and later reinforced by intermolecular forces. The results suggested that reconstituted hydrogels left for 2 h helps in attainment of higher gel strength. In the present study only short time gelation kinetics using free oscillation were attempted due to the instrument limitation and sample history over long time periods. Further, detailed investigations on the effect of long time using creep (free) and time sweep (forced) oscillation are needed to understand the gelation mechanism of reconstituted A. vera hydrogel.
HRTEM morphology of reconstituted hydrogel HRTEM micrograph images of reconstituted A. vera xerogel with 0.2-1.6%, w/v concentration showed in Fig. 6 . At lower concentration of 0.2-0.4%, w/v, presence of dense entanglements and randomly organized networks were noticed at both magnification of 0.2 μm, which might be due to insufficient polymeric units to interact with the surrounding aqueous medium (Figs. 6a and  6b) . At higher concentration of 0.8-1.6%, w/v, distinct surface morphology with the existence of distributed network-like pattern was noticed (Figs. 6c and 6d) . The reason might be functional groups participated in chain-chain interaction with adjacent polymeric units that in turn gives network like appearance. The dense entanglements further dispersed into aqueous medium by enhancing the biopolymer concentration, and formed soluble aggregates above 0.4%, w/v concentration. [46] In addition, individual circular patches filled with distributed networks were noticed for 1.6%, w/v (Fig. 6d) . The reason may be intermolecular hydrogen bonding between water and polymer chains at molecular levels leading to greater network formation. [27, 28, 47] It is fairly predictable that increase in concentration helps in the formation of internal networks which in turn enhances the gel strength. [8] Values are reported for experimental data as mean ± standard deviation (n = 4).
Conclusions
The presence of bioactive acetyl rich polysaccharides in NFAIR powder were analyzed using NMR. Conformation transition from semi-diluted solution nature to typical gel-like nature was noticed by varying concentrations from 0.2 to 1.6%, w/v. The effect of different temperatures on Power law parameters (viz., G′ 0 Pa.s n′ and G′′ 0 Pa.s n″ ) were evaluated by Arrhenius type equation and the activation energy (E a ) values, were found to be inversely proportional to concentration. Multivariate analysis indicated that concentration had the most significant effect on rheological attributes such as (G′ 0 , G″ 0 , n′, and n″) followed by temperature and their interaction. Numerical optimization suggested that 1.6%, w/v at 30°C was found to be the desirable combination for attaining higher gel strength and minimum slope values of reconstituted A. vera hydrogel. Viscoelastic moduli (G′ J and G″ J ) increased from 45 to 80 Pa with initial aging time (0-120 min) as demonstrated by damping oscillatory response of the creep compliance. The obtained results suggested that reconstituted A. vera hydrogels with optimized conditions (1.6%, w/v at 30°C) found to impart higher gel strength with network formation, indicating its possible application as an food hydrocolloid for enhancing the texture of gel-like products.
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Values are reported as mean ± standard deviation (n = 4). Different letters in the superscripts denote that corresponding mean values belong to dissimilar homogeneous subset along the column at 95% confidence interval except for Kelvin-Voigt model viscous modulus (G'' K ) Pa.
